Introduction {#sec1}
============

Natural killer (NK) cells are an important subset of lymphocytes for providing our body's first line of defense.[@bib1] NK cells were originally described for their capacity to spontaneously kill tumor cells without prior sensitization,[@bib2], [@bib3], [@bib4], [@bib5], [@bib6] which distinguishes them from cytotoxic T lymphocytes (CTLs). NK cells kill tumor cells or virally infected cells via several pathways,[@bib1]^,^[@bib7]^,^[@bib8] which include direct cytotoxicity (natural cytotoxicity and antibody-dependent cell-mediated cytotoxicity \[ADCC\]) and through indirect effects (e.g., cytokine production and interacting with adaptive immunity).[@bib1] An important application of NK cells is the use of primary *ex vivo*, expanded NK cells or genetically modified NK cells to treat various cancers because of their less severe adverse effects.[@bib9]^,^[@bib10] Several clinical trials have shown that NK or chimeric antigen receptor (CAR)-NK cell infusion is associated with a milder graft-versus-host disease (GvHD) compared to T cell infusion.[@bib9]^,^[@bib10] There are two major clinical applications of NK cells. The first one is to use primary *ex vivo* expanded NK cells without any genetic modification to treat cancers. Specifically, NK cells are currently used to treat acute myelocytic leukemia (AML) and acute lymphocytic leukemia (ALL) clinically.[@bib11], [@bib12], [@bib13] The second application is to use genetically modified NK cells expanded *in vitro* to treat patients. Genetically modified NK cells, such as \--CAR-modified NK cells, have become an emerging tool for cancer immunotherapy.[@bib14]^,^[@bib15] Clinical investigation on the use of CAR-modified NK cell-based immunotherapy has been extensively conducted against a wide variety of cancers.[@bib16] Similar to CAR-T cell-based immunotherapy, genetically modified NK cells using various CAR molecules to redirect antigen specificity has been investigated by different groups.[@bib16], [@bib17], [@bib18]

CAR-modified T cell therapy has become a promising immunotherapeutic strategy for the treatment of several cancers,[@bib19], [@bib20], [@bib21] and it has gained a significant amount of attention from researchers both in academia and in industry.[@bib18] Adoptive transfer of these CAR-modified T cells into patients has shown remarkable success in treating multiple types of blood cancers, such as refractory acute lymphoblastic leukemia.[@bib22], [@bib23], [@bib24] Additionally, clinical trials treating multiple myeloma,[@bib25]^,^[@bib26] leukemia,[@bib19]^,^[@bib22], [@bib23], [@bib24] sarcoma,[@bib27] and neuroblastoma[@bib28]^,^[@bib29] using CAR products have reported promising patient outcomes. Considerable efforts and funds are being invested into CAR development and optimization.[@bib30], [@bib31], [@bib32], [@bib33]

Current adoptive CAR-T cell therapy combines tumor antigen specificity with immune cell activation in a single receptor. The process involves isolating a patient's own T cells, engineering them to express CARs that recognize tumor proteins, and re-infusing them back into the patient. One of the problems with current adoptive CAR-T cell therapies is the use of autologous T cells isolated from patients. Autologous T cells have several major issues: (1) T cells directly isolated from immune-compromised cancer patients usually have poor cytotoxicity and functionality, precluding their use; (2) autologous T cells cannot be used for other patients due to the potential risk of developing severe GvHD; and (3) CAR-T cell therapy is associated with significant side effects, such as cytokine release syndrome (CRS) and other side effects.[@bib34], [@bib35], [@bib36], [@bib37], [@bib38] Given these risks and the high cost of immunotherapy,[@bib39] it is becoming imperative to develop an alternative, "off-the-shelf" cell type for immunotherapy.

To alleviate these disadvantages of CAR-T cell immunotherapy, additional cytotoxic-cell-mediated immunotherapies are urgently needed. The unique biology of NK or CAR-NK cells may allow them to serve as a safer, effective, alternative immunotherapeutic strategy to CAR-T cells in the clinic.[@bib9] Here, we developed an alternative method to expand human primary NK cells directly from PBMCs (peripheral blood mononuclear cells) and CB (cord blood), as well as tumor tissue, using an irradiated, genetically engineered 721.221 (hereinafter, 221) cell line (a B cell line derived through mutagenesis that does not express dominant major histocompatibility complex \[MHC\] class I molecules or expresses a low amount of MHC class I molecules)[@bib40] that expresses membrane-bound interleukin 21 (IL-21) (221-mIL-21), as previous studies show the importance of IL-21 in NK expansion.[@bib41], [@bib42], [@bib43], [@bib44], [@bib45] In combination with two recombinant cytokines (IL-15 and IL-2), primary NK cells were expanded nearly 100,000-fold after 2 to 3 weeks of expansion. Furthermore, transduction with retrovirus coding for a CAR molecule specific for CD19 protein resulted in the expansion of primary NK cells from both PBMCs and CB. We also investigated the potential molecular mechanisms by immunophenotyping and RNA sequencing (RNA-seq) of both NK and feeder cells. The 221-mIL-21 feeder-cell-expanded NK cells display a less differentiated, non-exhausted, limited fratricidal, memory-like phenotype correlated with enriched metabolic pathways. In summary, we generated an alternative platform for the expansion of human primary NK cells and genetically modified CAR-NK cells via enriched metabolic pathways, which can lead to the development of feasible, "off-the-shelf" clinical-grade CAR-NK products in the near future.

Results {#sec2}
=======

Generation of Membrane Form of IL-21 on Artificial Antigen-Presenting Cell Lines {#sec2.1}
--------------------------------------------------------------------------------

Previous studies have shown that IL-21 plays a critical role in NK cell proliferation and promotes the expansion of memory-like NK cells.[@bib41], [@bib42], [@bib43] Moreover, clinical trials showed that NK cells and CAR-NK cells expanded with K562 expressing mIL-21 can be safely infused.[@bib10]^,^[@bib44] Here, we developed an artificial antigen-presenting cell line using the 221 cell line expressing a membrane form of IL-21 without noticeable phenotype changes ([Figure S1](#mmc1){ref-type="supplementary-material"}). Additionally, we also examined the expression of the IL-21 receptor on human primary NK cells ([Figure S2](#mmc1){ref-type="supplementary-material"}).

To set up a human primary NK cell expansion system, IL-21 was cloned into an SFG retroviral vector that contains a human immunoglobulin G1 (IgG1) hinge and CH2-CH3 domain, CD28 transmembrane (TM) domain and intracellular domain, 4-1BB (4-1BB) intracellular domain, and CD3zeta intracellular domain ([Figure 1](#fig1){ref-type="fig"}A). In this study, the SFG retroviral vector (containing the IgG1 CH2-CH3 domain, CD28 TM and intracellular domains, 4-1BBL intracellular domain, and CD3zeta intracellular domain) was used to ensure high transduction efficiency and stable cell-surface protein expression. As a control, wild-type (WT) K562 (a human myelogenous leukemia cell line),[@bib46] K562-mIL-21, and WT 221 were included in the assays. K562 and 221 cells were transduced with IL-21 retrovirus and sorted using fluorescence-activated cell sorting (FACS) by staining with anti-human IL-21 antibody. After 2 weeks of culture, the expression levels of mIL-21 on K562-mIL-21 and 221-mIL-21 were further verified using flow cytometry. High levels of mIL-21 were expressed on both K562-mIL-21 cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A) and 221-mIL-21 cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Both K562-mIL-21 and 221-mIL-21 cells were also stained with anti-IL-21 antibody and evaluated for proper plasma membrane localization of the IL-21 protein by confocal microscopy ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D). RNA-seq data also suggested changes of gene expression profile between transduced and non-transduced cells ([Figure S3](#mmc1){ref-type="supplementary-material"}). RNA-seq data also demonstrated different expression patterns of ligands for NK-activating receptors and MHC class I/II molecules between 221 and K562 feeder cells, as well as between K562-mIL-21 and 221-mIL-21 feeder cells ([Figure S3](#mmc1){ref-type="supplementary-material"}). As co-stimulatory molecules 4-1BBL (also known as CD137L and TNFSF9) and OX40L (also known as CD252 and TNFSF4, a ligand for OX40 \[also known as CD134 or TNFRSF4\]) play important roles in NK cell proliferation,[@bib45]^,^[@bib47] the 4-1BBL and OX40L RNA expression levels among these feeder cells were analyzed ([Figure S3](#mmc1){ref-type="supplementary-material"}E), and it was revealed that 221-mIL-21 feeder cells express slightly higher levels of 4-1BBL and OX40L than K562-mIL-21 feeder cells.Figure 1Superior Propagation of Human PBNK Cells by 221-mIL-21 Cells among Different Types of Feeder Cells(A) Schematic representation of recombinant retroviral vector encoding the extracellular domain of human IL-21. (B) Schematic representation of primary human NK cell expansion with membrane expressing IL-21 feeder cells. Feeder cells were irradiated with a dose of 100 Gy (10,000 rad), and then PBMCs were co-cultured with irradiated feeder cells with IL-2 and IL-15 for NK cell expansion. (C) Representative flow cytometry plots of the purity of NK cells expanded with different feeder cell systems at indicated days post-expansion. PBMCs were stimulated with irradiated K562, K562-mIL-21, 221, and 221-mIL-21 cells on day 0. The purities of NK cells were determined at the indicated time points. (D) Dynamic time-lapsed expansion data of the fold expansion of NK cells from 11 donors expanded with irradiated K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells for the indicated time points. (E) Quantitative data of the fold expansion of NK cells from 11 donors expanded with irradiated feeder cells on day 21. (F) Dynamic time-lapsed expansion data of the purities of NK cells from 11 donors expanded with irradiated K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells for 21 days. (G) Quantitative data of the purities of NK cells from 11 donors expanded with irradiated feeder cells on day 21. Means (solid lines) with 95% confidence interval (CI) (gray band) are indicated in (D) and (F). ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001. Error bars represent the Standard Error of the Mean (SEM).

Next, we determined whether the transduction of mIL-21 molecules onto the cell surface of K562 and 221 feeder cells can alter the expression of major activating and inhibitory ligands of NK cells. 4-1BBL (a ligand of 4-1BB), ICAM-1 (a ligand of LFA-1), PD-L1 (a ligand of PD-1), HLA-E (human leukocyte antigen-E; a ligand for CD94/NKG2A or CD94/NKG2C), and MICA/B (a ligand of NKG2D) were examined by flow cytometry. Their expressions were comparable at pre- and post-transduction stages ([Figures S1](#mmc1){ref-type="supplementary-material"}E, S1G, and S1H). In summary, we have successfully established the stable membrane expression of IL-21 in both K562 and 221 cells for NK expansion.

Superior Propagation of NK Cells by 221-mIL-21 Cells among Different Types of Feeder Cells {#sec2.2}
------------------------------------------------------------------------------------------

After establishment of K562, K562-mIL-21, 221, and 221-mIL-21 cell lines as feeder cells, the next task was to determine which feeder cell line can optimally expand human primary NK or CAR-NK cells. To expand human primary NK cells from peripheral blood (hereinafter, PBNK cells), PBMCs were isolated from buffy coats from healthy donors and co-cultured with feeder cells, 200 U/mL IL-2, and 5 ng/mL IL-15. To compare their relative ability to stimulate NK cell expansion, both K562-mIL-21 and 221-mIL-21 cells were compared directly. WT-K562 and WT-221 cell lines (hereinafter referred to as K562 and 221, respectively) were used as control groups ([Figure 1](#fig1){ref-type="fig"}B). The initial number of PBMCs and proportion of NK cells were 5 million and 10%--20%, respectively. Representative NK expansion profiles for each cell line at different time points (days 0, 7, 12, 17, and 21) gated on CD3 and CD56 by flow cytometry were shown ([Figure 1](#fig1){ref-type="fig"}C). The dynamic fold changes and the proportion of NK cells were significantly increased after 3 weeks of expansion by co-culturing PBMCs with different feeder cells ([Figures 1](#fig1){ref-type="fig"}D--1G). As expected, feeder cells expressing mIL-21 showed significantly higher efficiency of expansion and higher purity of NK cells compared to the corresponding WT feeder cells (221-mIL-21 versus 221 and K562-mIL-21 versus K562). Moreover, the fold increase after expansion of NK cells with 221-mIL-21 feeder cells and the relative purity of expanded NK cells was significantly higher than that of K562-mIL-21 feeder cells. Interestingly, WT-221 feeder cells also showed a better NK cell expansion compared to WT-K562 feeder cells ([Figures 1](#fig1){ref-type="fig"}D--1G). Additionally, the non-NK cell populations (including CD3^+^CD56^−^, CD3^+^CD56^+^, and CD3^−^CD56^−^ cells) are decreased in the presence of mIL-21-expressing feeder cells ([Figure S4](#mmc1){ref-type="supplementary-material"}).

To explore the potential mechanisms underlying superior expansion capability exerted by 221-mIL-21 feeder cells, we compared the proliferation and apoptosis of NK cells. NK cells expanded by 221-mIL-21 feeder cells showed better proliferation and less apoptosis, compared to NK cells expanded by K562-mIL-21 feeder cells ([Figure S5](#mmc1){ref-type="supplementary-material"}). In summary, 221-mIL-21 cells are superior to K562-mIL-21 cells as feeder cells for expanding human primary NK cells, which can be explained by superior proliferation and less apoptosis during expansion.

Characteristics of Expanded PBNK Cells and NK Cells Derived from CB {#sec2.3}
-------------------------------------------------------------------

To determine the immunophenotyping of K562, K562-mIL-21, 221, and 221-mIL-21 expanded PBNK cells, we used flow cytometry to characterize several important activating and inhibitory receptors. The activating receptors include CD16, NKG2D, NKp46, 2B4, DNAM-1, CD94, CD8a, and NKG2C ([Figures 2](#fig2){ref-type="fig"}A and 2B). The inhibitory receptors include NKG2A, CTLA-4, KLRG1, PD-1, LIR1, TIM-3, TIGIT, LAG-3, total KIR, KIR2DL1, KIR2DL2/L3, KIR3DL1, and KIR3DL2 ([Figures 2](#fig2){ref-type="fig"}C--2E). The expression of these activating and inhibitory receptors on expanded NK cells is comparable. Interestingly, CD69, an activation marker of NK cells, was increased in the K562-mIL-21-expanded NK cells compared to 221-mIL-21-expanded NK cells.Figure 2Phenotypes of NK Cells Expanded by Different Feeder Cells(A) Representative histograms of the expression of CD16, NKG2D, NKp46, 2B4, and DNAM-1 on NK cells expanded from PBMCs using K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells. The mean fluorescence intensity (MFI) is noted in the respective histograms. (B) Representative histograms of the expression of CD69, CD94, CD8a, and NKG2C on PBNK cells expanded using K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells, respectively. The MFI is noted in the respective histograms. (C) Representative histograms of the expression of NKG2A, CTLA-4, KLRG1, and PD-1 on PBNK cells expanded using K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells, respectively. The MFI is noted in the respective histograms. (D) Representative histograms of the expression of LIR1, TIM-3, TIGIT, and LAG-3 on PBNK cells expanded using K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells, respectively. The MFI is noted in the respective histograms. (E) Representative histograms of the expression of KIR, KIR2DL1, KIR2DL2/L3, KIR3DL1, and KIR3DL2 on PBNK cells expanded using K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells. The MFI is noted in the respective histograms. (F) Representative histograms of the expression of NKG2D, NKp46, 2B4, and CD226 on NK cells expanded from CB mononuclear cells using 221-mIL-21 (red) and K562-mIL-21 (green) feeder cells. NK cells from freshly isolated CB mononuclear cells from the same donor are also indicated (blue). (G) Representative histograms of the expression of CD69, CD94, CD8a, and CD16 on NK cells expanded from CB mononuclear cells using 221-mIL-21 (red) and K562-mIL-21 (green) feeder cells. NK cells from freshly isolated CB mononuclear cells from the same donor are also indicated (blue). (H) Representative histograms of the expression of NKG2A, NKG2C, KIR, and KIR3DL1 on NK cells expanded from CB mononuclear cells using 221-mIL-21 (red) and K562-mIL-21 (green) feeder cells. NK cells from freshly isolated CB mononuclear cells from the same donor are also indicated (blue).

To determine whether these *ex vivo* expanded PBNK cells exhibit similar functions, we examined the cytotoxicity of expanded PBNK cells by co-culturing them with the NK susceptible 221 and K562 target cells ([Figure S6](#mmc1){ref-type="supplementary-material"}). Interestingly, NK cells expanded with 221-mIL-21 cells show superior cytotoxicity, compared to NK cells expanded with K562-mIL-21 cells ([Figure S6](#mmc1){ref-type="supplementary-material"}). To further confirm this observation, we used the CD107a assay to determine the surface level of CD107a molecules after NK degranulation. A slightly higher percentage of degranulated NK cells expanded with K562-mIL-21 was observed, compared to that with 221-mIL-21 expanded NK cells ([Figure S7](#mmc1){ref-type="supplementary-material"}), indicating possible unpolarized, spontaneous degranulation on K562-mIL-21 expanded NK cells.

Recently, CB-derived CD19-CAR-NK cells were successfully used to treat non-Hodgkin's lymphoma (NHL) or chronic lymphocytic leukemia (CLL).[@bib10] To further examine whether NK cells isolated from CB (CBNK cells) can be expanded by this system, we compared the expansion of CBNK cell number and purity between K562-mIL-21 and 221-mIL-21 feeder cells. The number of CBNK cells expanded with 221-mIL-21 feeder cells was significantly higher than that of K562-mIL-21 feeder cells ([Figure S8](#mmc1){ref-type="supplementary-material"}). The purity of CBNK cells and other types of cells (including CD3^+^CD56^−^, CD3^+^CD56^+^, and CD3^−^CD56^−^ cells) was comparable between K562-mIL-21 and 221-mIL-21 feeder cells ([Figure S8](#mmc1){ref-type="supplementary-material"}). Comparable cytotoxicity between 221-mIL-21 expanded CBNK and K562-mIL-21 expanded CBNK cells was observed ([Figure S9](#mmc1){ref-type="supplementary-material"}). When comparing the killing activity between PBNK and CBNK cells ([Figures S6](#mmc1){ref-type="supplementary-material"}C and [S9](#mmc1){ref-type="supplementary-material"}), the CBNK killing toward K562 seemed to be greater than that of PBNK, which suggests that CB would be a more optimal source than peripheral blood.

We further examined the immunophenotyping of expanded NK cells by K562-mIL-21 and 221-mIL-21 expanded CBNK cells using flow cytometry ([Figures 2](#fig2){ref-type="fig"}F--2H). Interestingly, CD69 expression is dramatically decreased in 221-mIL-21 expanded CBNK cells, with comparable cytotoxicity between 221-mIL-21 expanded CBNK and K562-mIL-21 expanded CBNK cells ([Figures 2](#fig2){ref-type="fig"}G and [S9](#mmc1){ref-type="supplementary-material"}).

In summary, expanded 221-mIL-21 expanded CBNK cells show surface receptors similar to those of 221-mIL-21 expanded PBNK cells. Decreased CD69 surface expression on both CBNK and PBNK cells suggests that 221-mIL-21 expanded NK cells exhibit a less activated status.

Improved Peripheral-Blood-Derived CAR-NK Expansion Using 221-mIL-21 Cells {#sec2.4}
-------------------------------------------------------------------------

CAR-NK immunotherapy has become a promising strategy for cancer treatments.[@bib9] We further determined whether 221-mIL-21 feeder cells could similarly expand CAR-modified NK cells. The SFG retroviral vector containing an anti-CD19 scFv, a human IgG1 hinge and CH2-CH3 domain, CD28 TM domain and intracellular domain, 4-1BB intracellular domain, and CD3zeta intracellular domain was used ([Figure 3](#fig3){ref-type="fig"}A). To expand CAR-NK cells *ex vivo*, unfractionated PBMCs were stimulated for 7 days with 221-mIL-21 feeder cells in the presence of soluble IL-2 and IL-15, inducing rapid proliferation of NK cells and, in some cases, non-specific expansion of T cells. At day 7, expanded NK cells were transduced with CD19-CAR retrovirus ([Figure 3](#fig3){ref-type="fig"}B). Please note that unfractionated PBMCs were used to expand CAR-NK cells in this study. NK cell number and purity were examined at day 7, day 11, day 14, day 18, and day 21. A representative profile of *ex vivo* expanded NK cells from a single donor shows superior NK number and purity ([Figure 3](#fig3){ref-type="fig"}C). The quantitative analysis of NK cell number ([Figures 3](#fig3){ref-type="fig"}D and 3E) and purity ([Figures 3](#fig3){ref-type="fig"}F and 3G) from 3 donors shows that 221-mIL-21 feeder cells provide superior CD19-CAR-NK cell expansion.Figure 3Improved Expansion Capability of Peripheral-Blood-Derived CAR-NK Cells Using the 221-mIL-21 Feeder Cell System(A) Schematic representation of retroviral vector encoding the CD19-CAR design. (B) Schematic experimental design of CD19-CAR-modified NK cell expansion with the 221-mIL-21 feeder cell system. 221-mIL-21 cells were irradiated with a dose of 100 Gy (10,000 rad). Then, PBMCs were co-cultured with irradiated feeder cells in the presence of IL-2 and IL-15. In parallel, CD19-CAR retrovirus was produced by transfecting 293T cells. The expanded NK cells were transduced with CD19-CAR retrovirus at day 7. Cells were cultured for 21 days. (C) Representative flow cytometry dot plots of the percentage of expanded CD19-CAR-positive expanded NK cells at indicated days post-expansion. PBMCs were stimulated with irradiated 221-mIL-21 on day 0 and transduced with CD19-CAR retrovirus on day 7. The purity of NK cells within CD19-CAR-positive cells was checked every 3 to 4 days. (D) Dynamic time-lapsed expansion data of the fold expansion of CD19-CAR-NK cells from 3 donors. CD19-CAR-modifed NK cells were expanded with irradiated K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells for 21 days. (E) Quantitative data of the fold expansion of CD19-CAR-NK cells from 3 donors on day 21 of expansion. (F) Dynamic time-lapsed expansion data of the purity of NK cells within CD19-CAR-positive cells from 3 donors. NK cells were expanded with irradiated K562, K562-mIL-21, 221, and 221-mIL-21 feeder cells. (G) Quantitative data of the percentage of NK cells within CD19-CAR-positive cells from 3 donors on day 21 post-expansion. Means (solid lines) with 95% CI (gray band) are indicated in (D) and (F). ∗p \< 0.05; ∗∗p \< 0.01. Error bars represent SEM.

The percentage of CD19-CAR-positive NK cells stimulated by K562-mIL-21 was comparable to that of CD19-CAR-NK cells stimulated by 221-mIL-21 cells ([Figure S10](#mmc1){ref-type="supplementary-material"}). In contrast, non-NK cells (including CD3^+^CD56^−^, CD3^+^CD56^+^, and CD3^−^CD56^−^ populations) are decreased in the presence of mIL-21-expressing feeder cells ([Figure S10](#mmc1){ref-type="supplementary-material"}). In conclusion, 221-mIL-21 feeder cells show a superior CAR-NK cell expansion capability compared to that of K562-mIL-21 feeder cells.

221-mIL-21 Feeder Cells Exhibit Superior Capability to Expand Cord-Blood-Derived Primary NK and CD19-CAR-CBNK Expansion {#sec2.5}
-----------------------------------------------------------------------------------------------------------------------

Given the reported advantages of CBNK and CAR-NK cells,[@bib14]^,^[@bib48]^,^[@bib49] we further tested whether the 221-mIL-21 feeder expansion system could also expand CB-derived CAR-NK cells. To expand CBNK cells *ex vivo*, unfractionated CB lymphocytes were stimulated for 7 days with 221-mIL-21 feeder cells in the presence of soluble IL-2 and IL-15, inducing rapid proliferation of CBNK cells ([Figure 4](#fig4){ref-type="fig"}). As a control, unfractionated CB lymphocytes were stimulated with K562-mIL-21 feeder cells in the presence of soluble IL-2 and IL-15 in a separate group. At day 7, expanded CBNK cells were transduced with CD19-CAR retrovirus. A representative profile of *ex vivo* expanded CBNK cells from one donor shows the superior purity of CD19-CAR-CBNK cells ([Figure 4](#fig4){ref-type="fig"}A). The quantitative analysis of CD19-CAR-CBNK cell purity, measured by the percentage of CD19-CAR-positive CBNK cells from 3 donors shows that 221-mIL-21 feeder cells provide a slightly superior CD19-CAR-CBNK cell purity ([Figure 4](#fig4){ref-type="fig"}B). The quantitative analysis of CD19-CAR-CBNK cell number from 6 donors also demonstrates that 221-mIL-21 feeder cells provide a superior CD19-CAR-CBNK cell number ([Figures 4](#fig4){ref-type="fig"}C and 4D).Figure 4Superior Cytotoxicity of CB-Derived CD19-CAR-NK Cells Using 221-mIL-21 Feeder Cells(A) Representative flow cytometry dot plots of the percentage of CD19-CAR-positive cells in NK cells at the indicated days. CBMCs were stimulated with irradiated feeder cells on day 0 and transduced with CD19-CAR retrovirus on day 7. (B) Quantitative data of the percentage of CD19-CAR-positive cells in NK cells expanded from CBMCs (n = 6). (C) Dynamic time-lapsed expansion data of the fold expansion of CD19-CAR-CBNK cells from 6 donors. CD19-CAR-modifed NK cells were expanded with irradiated K562-mIL-21 and 221-mIL-21 feeder cells for 21 days. (D) Quantitative data of the fold expansion of CD19-CAR-CBNK cells from 6 donors on day 21 of expansion. (E) Quantitative data of the cytotoxic activity of expanded CD19-CAR-CBNK cells against Raji cells using the CFSE/7-AAD cytotoxicity assay. Target cells were labeled with CFSE and then incubated with expanded CD19-CAR-CBNK cells at E:T ratios ranging from 5:1 to 0.3125:1 for 4 h. Then, 7-AAD was used to determine the lysis of target cells. (F) Quantitative data of the cytotoxic activity of expanded CD19-CAR-CBNK cells against Daudi cells using the CFSE/7-AAD cytotoxicity assay. ∗∗∗p \< 0.001. Error bars represent SEM.

To determine whether these *ex vivo* expanded CD19-CAR-CBNK cells exhibit similar functions, we examined expanded CD19-CAR-CBNK cell (at 21-day expansion) cytotoxicity by co-culturing them with the CD19-positive Raji and Daudi cells. Interestingly, CD19-CAR-CBNK cells expanded with 221-mIL-21 feeder cells show superior cytotoxicity, compared with CD19-CAR-CBNK cells expanded with K562-mIL-21 cells ([Figures 4](#fig4){ref-type="fig"}E and 4F). Therefore, we successfully developed an NK expansion approach with improved CBNK and CAR-NK expansions using 221-mIL-21 feeder cells.

Effectiveness and Side Effects of Expanded CAR-NK Cells *In Vivo* {#sec2.6}
-----------------------------------------------------------------

To further evaluate whether the expanded CD19-CAR-NK cells can kill tumor cells *in vivo*, we compared the anti-tumor activities between 221-mIL-21 expanded CD19-CAR-NK cells and K562-mIL-21 expanded CD19-CAR-NK cells using lymphoma xenograft models in NOD.Cg-*Prkdc*^*scid*^ *Il2rg*^*tm1Wjl*^/SzJ (NSG) mice ([Figure 5](#fig5){ref-type="fig"}). Briefly, luciferase-tagged Raji (FFluc-Raji) were implanted by intravenous tail vein injection. Mice were infused with CD19-CAR-NK cells expanded from peripheral blood with different feeder cells. Tumor burden was evaluated at indicated time points by measuring tumor-derived bioluminescence ([Figure 5](#fig5){ref-type="fig"}A). A superior anti-tumor response was observed in mice treated with 221-mIL-21 expanded CD19-CAR-NK cells compared to those that were treated with K562-mIL-21 expanded CD19-CAR-NK cells ([Figure 5](#fig5){ref-type="fig"}B--5E). To further evaluate the toxicity of these *in vivo* expanded CD19-CAR-NK cells, we quantified the body weight of mice. No significant difference in body weights was observed ([Figure 5](#fig5){ref-type="fig"}F), indicating minimal side effects of CD19-CAR-NK cells.Figure 5Superior Anti-tumor Activity from 221-mIL-21 Expanded CD19-CAR-NK Cells in Lymphoma Xenograft Models(A) Diagram of the experimental design of the Raji lymphoma xenograft model. Male (n = 5) and female (n = 5) NSG mice were injected i.v. with 2 × 10^6^ Raji-FFLuc-GFP cells in 100 μL PBS via tail vein on day 0. On day 2 and day 4, mice were injected i.v. with 1 × 10^7^ K562-mIL-21 expanded CD19-CAR-NK cells and 221-mIL-21 expanded CD19-CAR-NK cells, respectively, in 100 μL PBS and injected i.p. with IL-2 (50,000 U per mouse) and IL-15 (10 ng per mouse) in 150 μL PBS. Animals were imaged using the IVIS system once a week for tumor growth evaluation. (B) Representative images of tumor burden at indicated time points in male mice. The range of fluorescence intensity is from 5 × 10^5^ to 1 × 10^7^ U of photons/s/cm^2^/sr for day 7 and from 2 × 10^7^ to 5 × 10^8^ U of photons/s/cm^2^/sr for day 14 and day 21. (C) Representative images of tumor burden at indicated time points in female mice. The range of fluorescence intensity is from 2 × 10^5^ to 5 × 10^6^ U of photons/s/cm^2^/sr for day 7 and from 2 × 10^7^ to 5 × 10^8^ U of photons/s/cm^2^/sr for day 14 and day 21. (D) Kaplan-Meier survival curves of tumor-bearing mice after treatment with PBS, K562-mIL-21 expanded-CD19-CAR-NK cells, and 221-mIL-21 expanded-CD19-CAR-NK cells. The p value was analyzed by log-rank (Mantel-Cox) test. (E) Quantitative data of tumor burden at indicated time points. Mice were imaged at the indicated days to evaluate tumor burden expressed as quantified, which represents tumor growth. (F) Quantitative data of mice body weight at the indicated days. (G) Diagram of the experimental design of the Daudi lymphoma xenograft model. Male (n = 2) and female (n = 3) NSG mice (n = 5 in total) were injected i.v. with 2 × 10^6^ Daudi-FFLuc cells in 100 μL PBS via tail vein on day −4. Beginning on day 0, mice were injected i.v. with 1 × 10^7^ 221-mIL-21 expanded or K562-mIL-21 expanded CD19-CAR-NK cells in 100 μL PBS and injected i.p. with IL-2 (50,000 U per mouse) and IL-15 (10 ng per mouse) in 150 μL PBS at days 0, 3, 7, and 10. Animals were imaged using the IVIS system twice a week for tumor cell tracking. (H) Representative images of tumor burden at indicated time points. The range of fluorescence intensity is from 1 × 10^5^ to 2 × 10^6^ U of photons/s/cm^2^/sr. (I) Quantitative data of tumor burden at indicated time points. Mice were imaged at the indicated days to evaluate tumor burden expressed as quantified bioluminescence (average light intensity), which represents tumor growth. (J) Quantitative data of mice body weight at the indicated days. ns (no significant differences) indicate p \> 0.05. Error bars represent SEM.

To further compare the efficacy of CD19-CAR-NK cells between 221-mIL-21 and K562-mIL-21 feeder cells, we used another CD19-positive Daudi cell line to establish a lymphoma xenograft model in NSG mice. Briefly, luciferase-tagged Daudi (FFluc-Daudi) were implanted by intravenous tail vein injection. Tumor burden was assessed at indicated time points by measuring tumor-derived bioluminescence following CD19-CAR-NK infusion therapy ([Figure 5](#fig5){ref-type="fig"}G). As expected, mice treated with 221-mIL-21 expanded CD19-CAR-NK cells showed superior anti-tumor activities compared with those treated with K562-mIL-21 expanded CD19-CAR-NK cells ([Figures 5](#fig5){ref-type="fig"}H and 5I). Similar results on tumor growth inhibition (TGI) were obtained (data not shown). To further evaluate the toxicity of these *in vivo*-expanded CD19-CAR-NK cells, we quantified the body weight of mice. No significant difference in body weights was observed ([Figure 5](#fig5){ref-type="fig"}J). In conclusion, 221-mIL-21-expanded CD19-CAR-NK cells show superior anti-tumor activities *in vivo* with minimal adverse effects.

221-mIL-21 Feeder Cell Expansion System Promotes a Less Differentiated, Memory-like NK Cell Development with Enriched Metabolic Pathways {#sec2.7}
----------------------------------------------------------------------------------------------------------------------------------------

To explain why the 221-mIL-21 feeder cell expansion system induces superior NK cell expansion capability and functions, we performed RNA-seq experiments using NK cells expanded by different feeder cell systems and at various time points. Briefly, PBMCs were stimulated with irradiated K562-mIL-21 or 221-mIL-21 feeder cells. Expanded NK cells from these two different expansion systems were sorted using flow cytometry on day 7 and day 14 for RNA-seq analysis. Principal-component analysis (PCA) plots of sample-to-sample distances of NK cells expanded with K562-mIL-21 or 221-mIL-21 cells show a significant difference at day 7, compared with expanded NK cells at day 14 ([Figure 6](#fig6){ref-type="fig"}A). Therefore, the following RNA-seq data analysis was mainly focused on data at day 7. Expectedly, the numbers of differentially expressed genes (DEGs) in NK cells that were expanded with 221-mIL-21 feeder cells compared to K562-mIL-21 feeder cells on day 7 by mean average (MA) plots were significantly increased, compared with the number of DEGs on day 14 ([Figures 6](#fig6){ref-type="fig"}B and 6C). Interestingly, gene set enrichment analysis (GSEA) using Gene Ontology biological process (GO_BP) datasets and hallmark datasets in the Molecular Signatures Database (MSigDB) showed that gene signatures associated with cellular amino acid metabolic process and glycolysis were upregulated in NK cells that were expanded with the 221-mIL-21 feeder cell expansion system on day 7, compared to NK cells expanded with the K562-mIL-21 feeder cell expansion system, which has been further verified by glucose uptake assays ([Figures 6](#fig6){ref-type="fig"}D--6G; [Figures S11](#mmc1){ref-type="supplementary-material"}A--S11C, [S12](#mmc1){ref-type="supplementary-material"}A, and S12B).Figure 6221-mIL-21 Expanded NK Cells Show Enriched Metabolic Pathways and Less Differentiated Phenotypes(A) PBMCs were stimulated with irradiated K562-mIL-21 and 221-mIL-21 feeder cells. NK cells were purified from expanded cells using flow cytometry on day 7 and day 14 for RNA-seq. Principal-component analysis (PCA) plots of sample-to-sample distances of NK cells expanded with K562-mIL21 or 221-mIL-21 feeder cells on day 7 and day 14. (B) Mean average (MA) plots of differentially expressed genes (DEGs) in NK cells expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 7; p values were calculated using DESeq2. Top 15 significant DEGs are labeled on the MA plot. Up, upregulated DEGs, adjusted p \< 0.05, and log~2~ fold change ≥ 1; Down, downregulated DEGs, adjusted p \< 0.05, and log~2~ fold change ≤ −1; NS, not significant. (C) MA plots of DEGs in NK cells that were expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 14. Top 15 significant DEGs are labeled on the MA plot. Up, upregulated DEGs, adjusted p \< 0.05, and log~2~ fold change ≥ 1; Down, downregulated DEGs, adjusted p \< 0.05, and log~2~ fold change ≤ −1; NS, not significant. (D) Gene set enrichment analysis (GSEA) of cellular amino acid metabolic processes in NK cells that were expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 7 using Gene Ontology biological process (GO_BP) datasets in the Molecular Signatures Database (MSigDB). NES, normalized enrichment score; p.adjust, false discovery rate (FDR)-adjusted p value. (E) GSEA of glycolysis in NK cells that were expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 7 using Hallmark datasets in the MSigDB. NES, normalized enrichment score; p.adjust, FDR-adjusted p value. (F) Dynamic level of glucose in the media during NK cell expansion using K562-mIL-21 and 221-mIL-21 as feeder cells. Arrows indicate the time points for media change. (G) Quantitative glucose uptake comparison of NK cells expanded with K562-mIL-21 or with 221-mIL-21 feeder cells on day 7 and day 14. ∗p \< 0.05. Error bars represent SEM. (H) GSEA of lymphocyte activation in NK cells that were expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 7 using GO_BP datasets in the MSigDB. NES, normalized enrichment score; p.adjust, FDR-adjusted p value. (I) GSEA of lymphocyte differentiation in NK cells that were expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 7 using GO_BP datasets in the MSigDB. NES, normalized enrichment score; p.adjust, FDR-adjusted p value. (J) GSEA of cell-cell adhesion in NK cells that were expanded with 221-mIL-21 feeder cells compared to those that were expanded with K562-mIL-21 feeder cells on day 7 using GO_BP datasets in the MSigDB. NES, normalized enrichment score; p.adjust, FDR-adjusted p value. (K) Heatmap of inhibitory receptor of NK cells. (L) Heatmap of activating receptor of NK cells. (M) Heatmap of genes associated with cytotoxic function of NK cells. (N) Heatmap of genes associated with development and maturation of NK cells. Heatmaps were generated using *Z* scores derived from transformed RNA-seq counts using regularized-logarithm transformation (rlog). Each column represents a biological replicate.

Unexpectedly, gene signatures of lymphocyte activation, lymphocyte differentiation, and cell-cell adhesion in NK cells expanded with the 221-mIL-21 feeder cell expansion system on day 7 were significantly downregulated, compared to NK cells expanded with the K562-mIL-21 feeder cell expansion system ([Figures 6](#fig6){ref-type="fig"}H--6J; [Figures S11](#mmc1){ref-type="supplementary-material"}A, and S11D--S11F), which can be further illustrated by heatmaps of NK cell development and maturation, inhibitory receptors, activating receptors, and cytotoxic function ([Figures 6](#fig6){ref-type="fig"}K--6N; [Figures S12](#mmc1){ref-type="supplementary-material"}C--12E).

*In vitro* incubation of cytokines IL-12, IL-15, and IL-18 can generate antigen-nonspecific, cytokine-induced, memory-like NK cells.[@bib50], [@bib51], [@bib52], [@bib53] Several genes are related to these "adaptive NK cells" that are linked to reduced expression of several transcription factors and signaling proteins.[@bib54]^,^[@bib55] Thus, we generated a heatmap of memory-like NK-cell-related genes ([Figure S13](#mmc1){ref-type="supplementary-material"}). Specifically, *PLZF* (pro-AML zinc finger) and *FCER1G* (FcR-γ) genes from 221-mIL-21 expanded NK cells at day 7 were downregulated, compared to NK cells expanded with the K562-mIL-21 feeder cell expansion system, which indicates the enhancement of memory-like NK-cell-related genes in 221-mIL-21 expanded NK cells.

Previous studies show that cytokines (e.g., IL-2) can promote Fas (also known as CD95) and Fas-ligand (Fas-L, also known as CD95L or CD178) expression in human NK cells.[@bib56] We compared the *FAS* and *FASL* genes from 221-mIL-21 expanded NK cells and K562-mIL-21 expanded NK cells. 221-mIL-21 expanded NK cells showed lower levels of FAS gene expression at the late expansion phase (at day-14 expansion), and *FASL* gene expression at the early expansion phase (at day-7 expansion), compared to NK cells expanded with the K562-mIL-21 feeder cell expansion system ([Figure S14](#mmc1){ref-type="supplementary-material"}). These data suggest that limited fratricide events on the 221-mIL-21 feeder cell expansion system occurred, compared to NK cells expanded with the K562-mIL-21 feeder cell expansion system.

Previous studies show that mIL-21 expression on feeder cells increases the telomere length in NK cells, which may provide one underlying mechanism for sustained NK proliferation.[@bib41] There are several genes that are significantly implicated in telomere length regulation,[@bib57] which include *ZNF257*, *TERT*, *LRRC34*, and *NAF1* genes. Comparison analysis of positive telomere length regulator genes between 221-mIL-21 expanded NK cells and K562-mIL-21 expanded NK cells using RNA-seq data showed that *ZNF257*, *TERT*, *LRRC34*, and *NAF1* genes significantly were upregulated in 221-mIL-21 expanded NK cells, compared to K562-mIL-21 expanded NK cells ([Figure S15](#mmc1){ref-type="supplementary-material"}). Thus, the data indicate that 221-mIL-21 feeder cells might regulate the telomere length of NK cells.

In conclusion, the 221-mIL-21 feeder cell expansion system promotes not only a less differentiated and more memory-like NK cell development but also fewer fratricide events among expanded NK cells. This may relate to the enriched metabolic pathways in 221-mIL-21 expanded NK cells.

Verification of the Altered Gene Expression by Quantitative RT-PCR (qRT-PCR) {#sec2.8}
----------------------------------------------------------------------------

To verify the changes in gene expression in the NK cells expanded by 221-mIL-21 and K562-mIL-21 using RNA-seq, we performed qRT-PCR of genes selected on the basis of their roles in the amino acid and glucose/NAD (nicotinamide adenine dinucleotide) metabolic pathways that have been discovered in the RNA-seq datasets. Normalized RNA expression relative to *ACTB* (human β-actin) was used to calculate the fold changes of 9 genes in the 221-mIL-21 expanded NK cells versus K562-mIL-21 expanded NK cells using RNA from sorted NK cells ([Figure S16](#mmc1){ref-type="supplementary-material"}). Among the genes evaluated, we classified these genes into three main groups. The amino acid metabolic pathways (e.g., *MYC* \[basic-helix-loop-helix, or bHLH, transcription factor\], *SLC7A5* \[large neutral amino acids transporter small subunit 1\], *TFRC* \[transferrin receptor\], *CBS* \[serine sulfhydrase\], *PSPH* \[phosphoserine phosphatase\], *PSAT1* \[phosphoserine aminotransferase 1\], and *CTH* \[cystathionine gamma-lyase\]) and the glucose/NAD metabolic pathway (e.g., *MDH1* \[malate dehydrogenase 1\] and *PDHA1* \[pyruvate dehydrogenase E1 subunit alpha 1\]) were confirmed to be increased in expression in 221-mIL-21 expanded NK cells ([Figure S16](#mmc1){ref-type="supplementary-material"}), which is consistent with the results from RNA-seq data. In summary, the qRT-PCR data confirm the enriched metabolic pathways in 221-mIL-21 expanded NK cells.

Discussion {#sec3}
==========

Recent clinical trials testing cancer immunotherapies have shown promising results for treating various cancers. Due to the recent bloom of NK-cell-mediated immunotherapies, rapid NK cell expansion techniques from various allogeneic sources are urgently needed.[@bib9] Recent studies have shown that using 4-1BBL (4-1BBL/CD137L) and IL-21-expressing K562 cells as feeder cells can be used to rapidly expand NK cells *in vitro*.[@bib41]

In this study, we compared the K562-mIL-21 feeder cell expansion system with the 221-mIL-21 feeder cell expansion system to propagate human PBNK, CBNK, and CAR-NK cells. We demonstrated the superiority of the 221-mIL-21 feeder cell expansion system and presented a possible biological explanation that suggests that our feeder cell expansion system promotes a less differentiated, memory-like NK cell development, with enriched metabolic pathways and fewer fratricides.

The characterization and application of these NK cells for the treatment of patients is essential to ensure that the cells are functional and healthy. In addition, specific CAR-NK cell expansion is also needed to advance NK cell immunotherapy *in vivo*. One potential issue with NK cell expansion *in vitro* using irradiated feeder cells in the presence of cytokine IL-2 is that naive immune cells become exhausted or senescent after rapid proliferation and differentiation.[@bib58] Indeed, CAR-modified immune cells do express exhaustion markers such as PD-1.[@bib59], [@bib60], [@bib61], [@bib62] To solve the problem of immune cell exhaustion, one approach is to block PD-1 signaling in CAR-modified T cells.[@bib60] Another potential strategy is to alter the metabolic pathway in CAR-modified T cells[@bib63] or reinforce lymphocyte metabolism,[@bib64] given the existence of essential metabolic signaling in T cells.[@bib65] The 221 feeder cell expansion system shows that alteration of metabolic pathways can enhance NK cell expansion and result in reduced exhaustion, which is consistent with this concept in CAR-T cells.

Currently, the expansion of CAR-modified T and NK cells requires *in vitro* stimulation of genetically modified T and NK cells using antibodies and cytokines. Antibody- and cytokine-driven activation and expansion may negatively alter CAR-T or CAR-NK cell functions. For example, CAR-modified immune cell exhaustion can be induced by the end of an extensive expansion program, which is evident by the marked upregulation of PD-1, TIM-3, and LAG-3 in CAR-T cells.[@bib66] Therefore, new expansion strategies that do not facilitate exhaustion must be developed *in vivo*, given that immune cell exhaustion is a major contributor to compromised antitumor and antiviral immune responses following chronic antigen stimulation.[@bib67]^,^[@bib68] Additionally, the current expansion methodology of CAR-modified immune cells for clinical applications takes at least 2 to 3 weeks, which becomes a significant hurdle for some patients. The "sleeping beauty transposon," or piggyBac system, which is capable of delivering large (9.1 to 14.3-kb) transposable elements without a significant reduction in T cell efficacy,[@bib69], [@bib70], [@bib71] in combination with genetically engineered artificial cells expressing membrane-bound IL-15 and 4-1BBL, has already been used for CAR-T cell immunotherapy. This approach may promise the rapid expansion of NK cells in the future.

Currently, the K562-mIL-21 or K562-mIL-15 system is widely used in the field of NK and CAR-NK adoptive therapy.[@bib72], [@bib73], [@bib74] Compared to NK expansion systems developed by other groups,[@bib41]^,^[@bib75] the 221 NK expansion system possesses several distinct advantages. First, the number of expanded NK cells is significantly higher in our system (an average 39,663-fold increase in 221-mIL-21 versus an average 3,588-fold increase in K562-mIL-21) due to the novel combination of the membrane form of IL-21 with two soluble cytokines in cell culture, which efficiently propagated NK cells *in vitro*. In this study, we did not compare side-by-side the other K562-mIL-21 cell lines generated by different investigators. Different expansion capability and function of NK cells using different feeder cell lines can be expected. These differences in proliferation and function could be the variants between cell-line-to-cell-line and lab-to-lab differences. Second, the 221-mIL-21 NK system shows higher purities of NK cells while enhancing cytotoxicity, compared to those from the K562-mIL-21 NK system. Third, we developed a novel approach to generate CAR-NK cells derived from CB using the 221-mIL-21 NK expansion platform. CB-derived CAR-NK cells have distinct advantages, as they are available from CB banks, and CB-derived CAR-NK cells can be used as an "off-the-shelf" CAR product. Finally, we interrogated the possible mechanism of the superiority of the 221 feeder cell expansion system by phenotyping and performing RNA-seq assays on both expanded NK cells and feeder cells. In this study, we not only provide side-by-side *in vivo* animal data but also explore the potential underlying mechanism research using RNA-seq with verification.

The RNA-seq data provided in this study will pave the way for other studies seeking to optimize NK cells or CAR-NK cells by enhancing NK cell metabolic activity. We propose that the superiority of the 221 feeder cell expansion system can be related to the capability of this system to promote a less differentiated, limited fratricidal, memory-like NK cell development.

The possible mechanisms of the superiority of the 221 feeder cell expansion system can be proposed as follows:(1)Difference on the HLA gene expression patterns between 221-mIL-21 and K562-mIL-21 feeder cells. NK cells can interact with these MHC molecules on feeder cells via their inhibitory receptors. These inhibitory receptors can result in the "licensing" of NK cells,[@bib76]^,^[@bib77] which endows NK cells with superior expansion and responsiveness to subsequent activation via an immunoreceptor tyrosine-based inhibition motif (ITIM)-dependent manner, as NK cells in the absence of interaction between HLA molecules and inhibitory receptors remain unlicensed and hyporesponsive.[@bib78] Meanwhile, the extremely low level of HLA molecule expression on 221 cells may prevent the activation-induced NK cell death that is evidenced by the low CD69 expression on NK cells expanded by 221-mIL-21 feeder cells.(2)Enhanced expression of co-stimulatory molecules on 221-mIL-21 feeder cells, such as 4-1BBL and OX40L. Indeed, 221-mIL-21 feeder cells show greater surface expression levels of 4-1BBL molecules compared to K562-mIL-21 feeder cells in this NK expansion system, which may contribute to enhanced NK cell expansion using the 221-mIL-21 feeder cell system.(3)The Epstein-Barr virus (EBV) transformation status on 221-mIL-21 feeder cells. Both 221 and K562 cells are frequently used to evaluate NK cell function in the field of NK cell research, because both cell lines are considered as HLA null cell lines. However, the different HLA-I/II expression levels between 221 and K562 cells demonstrated in this study indicates that they express different HLA ligands for inhibitory receptors, which affects NK cell expansion and activation. EBV-transformed lymphoblastoid B cell lines have been used for the activation and proliferation of NK cells.[@bib79] A previous study shows that NK cells activated by EBV-positive B cells have a specific phonotype that can overcome apoptotic mechanisms of drug resistance in hematological cancer cells.[@bib80] Particularly, EBV infection status on 221-mIL-21 feeder cells with different HLA-I/II expression can optimize NK cell expansion, which is consistent with previous studies showing optimal NK cell activation with 221 and EBV^+^ lymphoblastoid cells.[@bib80], [@bib81], [@bib82], [@bib83](4)Induction of memory-like NK cell generation with several enriched metabolic pathways. The correlation between the superiority of 221 feeder cell expansion and the enriched metabolic pathways is clear in the RNA-seq data in this study. Long-lasting memory-like NK cells play important roles in infection, inflammation, and cancer.[@bib84] The exact molecular mechanisms underlying the memory-like NK cell generation with 221-mIL-21 feeder cells need to be investigated further.(5)Limited fratricidal events on 221-mIL-21 expanded NK cells. In addition to superior proliferation capability promoted by the 221-mIL-21 feeder cell expansion system, limited fratricidal events can also contribute to the 221-mIL-21 expanded NK cell number and function. Fas- and FasL-mediated fratricidal cell death is a common phenomenon in activated T and NK cells.[@bib85]^,^[@bib86] The lower percentage of apoptotic 221-mIL-21 expanded NK cells support the hypothesis of limited, less extensive fratricidal events on 221-mIL-21 expanded NK cells.

In conclusion, we have developed a novel platform using a 221-mIL-21 expansion system to generate primary NK and CAR-NK cells from both peripheral blood and CB. Total NK number and purity as well as functionality of these expanded NK cells are superior to those expanded using the existing K562-mIL-21 expansion system. Thus, this expansion platform will greatly support clinical use of NK immunotherapy.

Materials and Methods {#sec4}
=====================

Antibodies and Reagents {#sec4.1}
-----------------------

Phycoerythrin (PE) and Allophycocyanin (APC) anti-human CD3 antibody (clone OKT3); fluorescein isothiocyanate (FITC); BV605, PE/Cy7, and BV 510 anti-human CD56 antibody (clone HCD56); PE anti-human CD69 antibody (clone FN50); PE/Cy7 anti-human CD8a antibody (clone HIT8a); AF647 anti-human IL-21 antibody (clone 3A3-N2); APC/Fire 750 anti-human CD226 antibody (DNAM-1) (clone 11A8); APC/Fire 750 anti-human KLRG1 (MAFA) antibody (clone SA231A2); BV 421 anti-human CD335 (NKp46) antibody (clone 9E2); PE/Cy7 anti-human CD158b (KIR2DL2/L3) antibody (clone DX27); PE/Cy7 anti-human CD244 (2B4) antibody (clone C1.7); PE anti-human CD152 (CTLA-4) antibody (clone BNI3); APC anti-human CD366 (Tim-3) antibody (clone F38-2E2); PerCP/Cy5.5 anti-human TIGIT (VSTM3) antibody (clone A15153G); FITC anti-human CD223 (LAG-3) antibody (clone 11C3C65); and PerCP/Cy5.5 anti-human CD94 (clone DX22) were purchased from BioLegend (San Diego, CA, USA). APC anti-human CD16 antibody (clone B73.1), FITC anti-human CD3 antibody (clone UCHT1), BV480 anti-human CD85j antibody (LIR-1) antibody (clone GHI/75), BV711 anti-human CD314 (NKG2D) antibody (clone 1D11), and FITC anti-human CD107a antibody (clone H4A3) were purchased from BD Biosciences (San Jose, CA, USA). FITC anti-human KIR/CD158 antibody (clone 180704), PE anti-human KIR2DL1/KIR2DS5 antibody (clone 143211), APC anti-human KIR3DL1 antibody (clone DX9), AF405 anti-human KIR3DL2/CD158k antibody (clone 539304), APC anti-human NKG2A/CD159a antibody (clone 131411), and PE anti-human NKG2C/CD159c antibody (clone 134591) were purchased from R&D Systems. AF647 Goat anti-human IgG(H+L) F(ab')~2~ fragment antibody was purchased from Jackson ImmunoResearch (West Grove, PA, USA).

Cell Lines {#sec4.2}
----------

The 221 cell line was a gift from Dr. Eric O. Long (National Institute of Allergy and Infectious Diseases, National Institutes of Health). 293T, K562, and Daudi cell lines were purchased from the American Type Culture Collection (ATCC). To establish K562-mIL-21 and 721.221-mIL-21 cells, K562 and 721.221 cells were transduced with IL-21 retrovirus, respectively, and then mIL-21-positive cells were sorted using the BD FACSAria II cell sorter (BD Biosciences) using AF647 mouse IgG1 anti-human IL-21 (clone 3A3-N2). To establish the Daudi-FFLuc cell, CD19-positive Daudi cells were transduced with the lentiviral vector encoding FFLuc, as previously described.[@bib87] K562, 221, K562-mIL-21, 221-mIL-21, Daudi, and Daudi-FFLuc cells were cultured in RPMI 1640 (Corning) supplemented with 10% (v/v) fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (Corning) at 37°C under 5% (v/v) CO~2~. For NK cell expansion, K562, 221, K562-mIL-21, and 721.221-mIL-21 cells were irradiated at a dose of 10,000 rad, washed with PBS, and then used as feeder cells. 293T was cultured in DMEM (Corning) supplemented with 10% (v/v) FBS and 100 U/mL penicillin-streptomycin (Corning) at 37°C under 5% (v/v) CO~2~.

Primary NK Cell Expansion {#sec4.3}
-------------------------

PBMCs were isolated from buffy coats (Gulf Coast Regional Blood Center and New York Blood Center) using Lymphocyte Separation Medium (Corning). Human blood related work has been approved by the Rutgers University Institutional Review Board (IRB). For NK cell expansion, 5 × 10^6^ PBMCs were cultured with 1 × 10^7^ 10,000-rad-irradiated feeder cells in 35 mL RPMI 1640 media with 10% FBS (Corning), 2 mM L-glutamine (Corning), 100 U/mL penicillin-streptomycin (Corning), 200 U/mL IL-2 (PeproTech), and 5 ng/mL IL-15 (PeproTech) in G-Rex 6 Multi-well cell culture plates (Wilson Wolf). Media were changed every 3--4 days, and 2 × 10^7^ cells were kept in each well for continued culture at each time. Total cell numbers were counted using trypan blue with an automated cell counter (Nexcelom Bioscience, Lawrence, MA, USA). To determine the percentage of NK cells, cells were stained for CD3 and CD56, followed by flow cytometry analysis.

Transduction of Expanded NK Cells with CD19-CAR {#sec4.4}
-----------------------------------------------

To produce CD19-CAR retrovirus, 293T cells were transfected with a combination of plasmids containing CD19-CAR in SFG backbone, RDF, and PegPam3, as previously described.[@bib87] NK cells were harvested on day 7 of expansion and transduced with CD19-CAR retrovirus in plates coated with RetroNection (Clontech). Two days later, cells were transferred to a G-Rex 6 multi-well cell culture plate and maintained in 35 mL complete RPMI 1640 media with 200 U/mL IL-2 (PeproTech) and 5 ng/mL IL-15 (PeproTech). Media were changed every 3--4 days, and 2 × 10^7^ cells were kept in each well for continued culture at each time. Total cell numbers were counted using trypan blue with an automated cell counter (Nexcelom Bioscience, Lawrence, MA, USA). To determine the percentage of NK cells and expression of CAR, cells were stained for CD3, CD56, and anti-human IgG(H+L) F(ab')~2~ fragment and analyzed by flow cytometry.

Flow Cytometry Analysis {#sec4.5}
-----------------------

PBMCs and expanded NK cells were stained with fluorescence-conjugated antibodies in FACS staining buffer (PBS with 1% FBS) on ice for 30 min, washed with PBS, and analyzed on a BD FACS LSRII or an BD LSRFortessa flow cytometer (BD Biosciences). Photomultiplier tubes (PMT) voltages were adjusted, and compensation values were calculated before data collection. Data were acquired using BD FACSDiva software (BD Biosciences) and analyzed using FlowJo software (BD Biosciences).

Flow Cytometry-Based NK Cytotoxicity Assays {#sec4.6}
-------------------------------------------

K562 and 221 cells were used as target cells to determine NK cell cytotoxicity. Target cells were harvested and stained with 5 μM CellTrace CFSE (Invitrogen) in PBS for 20 min. The staining was stopped by adding complete RPMI 1640 media and then washed using PBS twice. Expanded NK cells were harvested and cocultured with 2 × 10^5^ CFSE-labeled target cells at 5 different E (effector cell) :T (target cell) ratios (4:1, 2:1, 1:1, 0.5:1, and 0.25:1, respectively) in V-bottomed 96-well plates in complete RPMI 1640 media. After 4 h of incubation at 37°C in the presence of 5% CO~2~, cells were stained with 7-AAD (eBioscience) and then analyzed by flow cytometry. Target cells (CFSE^+^) were gated, and the percentage of 7-AAD^+^ cells was used to calculate NK cell cytotoxicity using the following equation: (experimental − spontaneous dead cells)/(100 − spontaneous dead cells) × 100%.

CD107a Degranulation Assay {#sec4.7}
--------------------------

The CD107a degranulation assay was described previously.[@bib88] Briefly, expanded NK cells (5 × 10^4^) were incubated with 1.5 × 10^5^ K562 cells in V-bottomed 96-well plates in complete RPMI 1640 media at 37°C for 2 h. The cells were harvested; washed; stained for CD3, CD56, and CD107a with GolgiStop for 30 min; and analyzed by flow cytometry.

RNA Isolation and qRT-PCR {#sec4.8}
-------------------------

NK cells were expanded for 7 days, sorted for CD3^−^CD56^+^ by flow cytometry, and lysed in 1.0 mL TRIzol (Thermo Fisher Scientific). After RNA isolation, RNA were checked to determine the purity and concentration by a spectrophotometer. For cDNA preparation, RNA was reverse-transcribed into cDNA using oligo(dT) cDNA Synthesis Kits (Thermo Fisher Scientific). All primers were custom synthesized and purchased from GeneWiz (South Plainfield, NJ, USA) or Integrated DNA Technologies (IDT; Newark, NJ, USA). All primers used are listed in [Figure S16](#mmc1){ref-type="supplementary-material"}. qPCR reactions were performed using Quantstudio 3 (Thermo Fisher Scientific) with RT^2^ SYBR Green qPCR Mastermix (QIAGEN). Differences in gene expression were normalized to *ACTB* and calculated using the 2^−ΔΔCt^ method according to the manufacturer's instructions.

CFSE Proliferation Assay {#sec4.9}
------------------------

To compare the proliferation of 221-mIL-21 and K562-mIL-21, we used a standard CFSE proliferation assay.[@bib89] Briefly, PBMCs were labeled with 5 μM CFSE (Thermo Fisher Scientific) in PBS and incubated at 37°C for 20 min. Then, labeled cells were quenched with RPMI containing 10% FBS and washed. Cells were then put into culture with either K562-mIL-21 or 221-mIL-21 feeder cells in a 2:1 ratio. Cultures were supplemented with IL-2 and IL-15 as described earlier. At expansion days 4, NK cells were collected, counted, and detected by flow cytometry after staining with CD3 and CD56 using a BD LSRFortessa X-20 analyzer (BD Biosciences, San Jose, CA, USA). CFSE labeling on gated NK cells was analyzed with proliferation modeling using FlowJo Software (BD Biosciences).

Annexin V Apoptosis Assay {#sec4.10}
-------------------------

To compare the apoptosis of 221-mIL-21-expanded NK cells and K562-mIL-21-expanded NK cells, we used an Annexin V apoptosis assay.[@bib90] Apoptotic NK cells were stained using FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, USA) per the manufacturer's instructions. The labeled NK cells were analyzed by flow cytometry. Briefly, NK cells were stimulated with feeder cells in the presence of IL-2 and IL-15, as described earlier. Flow cytometry analysis was conducted on days 3 and 8 during NK cell expansion. Cells were collected and stained for CD3 and CD56 for NK gating. Then, cells were washed with PBS and resuspended in 1× Annexin-V FLUOS binding buffer at a concentration of 10^6^ NK cells per microliter. Then, cells were incubated with Annexin V-FITC and propidium iodide (PI) for 15 min, washed, and analyzed by flow cytometry using a BD LSRFortessa X-20 analyzer (BD Biosciences, San Jose, CA, USA). Approximately 10,000 events were collected per sample and analyzed by FlowJo Software (BD Biosciences).

Animal Studies {#sec4.11}
--------------

All animal experiments were approved by the Rutgers University Institutional Animal Care and Use Committee (IACUC). NSG mice from Jackson Laboratory were used for all *in vivo* experiments. To establish a human lymphoma xenograft model, both male and female NSG mice (8 weeks old) were intravenously (i.v.) injected with 2 × 10^6^ FFLuc-Daudi cells or FFLuc-Raji cells in 100 μL PBS via tail vein at day −4. Beginning on day 0, the mice were injected i.v. with 1 × 10^7^ 221-mIL-21 expanded or K562-mIL-21 expanded CD19-CAR-NK cells in 100 μL PBS and then injected intraperitoneally (i.p.) with IL-2 (50,000 U per mouse) and IL-15 (10 ng per mouse) in 150 μL PBS at days 0, 3, 7, and 10. Isoflurane-anesthetized animals were imaged using the IVIS system (IVIS-200, PerkinElmer, Waltham, MA, USA) 10 min after 150 mg/kg D-luciferin (Gold Biotechnology, St. Louis, MO, USA) per mouse was administered i.p. The photons emitted from the luciferase-expressing tumor cells were quantified using Living Image software v.64 (Caliper Life Sciences, Hopkinton, MA, USA). A pseudo-color image representing light intensity (blue signifying least intense and red signifying most intense) was generated and superimposed over the grayscale reference image. A constant region of interest (ROI) was drawn over the whole animal, excluding the tail, and the intensity of the signal was measured as total photons per second. After effector CD19-CAR-NK cell injections, animals were imaged twice a week for tumor cell tracking at the preclinical imaging core of the Houston Methodist Research Institute.

RNA-Seq Sample Preparation, Sequencing, and Data Analysis {#sec4.12}
---------------------------------------------------------

NK cells were expanded among PBMCs with irradiated 221-mIL-21 and K562-mIL-21 cells as described earlier. On day 7 and day 14 of expansion, cells were collected and stained with PE-anti-CD3 and PE/Cy7-anti-CD56 antibodies on ice for 30 min. After washing with FACS staining buffer (PBS with 2% FBS) twice, cells were resuspended in FACS staining buffer, and then CD3^−^ CD56^+^ cells were sorted to a purity of \>98% for each replicate using the BD FACSAria II cell sorter (BD Biosciences). Purified NK cells were directly lysed in TRIzol Reagent (Thermo Fisher Scientific) for RNA extraction using the manufacturer's protocol. RNA-seq was performed on a BGISEQ-500 platform by the BGI Group (Shenzhen, Guangdong, China). Clean reads in FASTQ format were obtained after filtering low-quality reads (reads where more than 50% of the base's qualities are lower than 15), reads with adaptors, and reads with more than 10% unknown bases (N). FASTQ files were aligned to the hg38 human reference genome using STAR v.2.6.1d. The aligned files were processed using the GenomicAlignments package (v.1.20.0) to get count matrices. Genes with a median of fewer than 10 reads were pre-filtered in all comparisons as an initial step. DEGs were identified using the DESeq2 package (v.1.24.0) and were defined as having an adjusted p \< 0.05 and a log~2~ fold change ≥1 or ≤−1. The log~2~ fold changes were shrunken using the lfcShrink function and were then used to make MA plots using the ggpubr package (v.0.2.1). GSEAs were performed using MSigDB (Broad Institute) and the clusterProfiler package (v.3.12.0). Heatmaps were generated using *Z* scores derived from log-transformed counts. All of the data analysis was performed using R (v.3.6.0).

Statistical Analysis {#sec4.13}
--------------------

Data were represented as means ± SEM or means ± SD (the standard error of the mean). The statistical significance was determined using a two-tailed unpaired Student t test, a two-tailed paired Student t test, and a two-way ANOVA, where indicated. p \< 0.05 was considered statistically significant.
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